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Abstract
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Preface

In 1978, a national workshop on fire effects in Denver, Colorado, provided the impetus
for the “Effects of Wildland Fire on Ecosystems” series. Recognizing that knowledge of
fire was needed for land management planning, state-of-the-knowledge reviews were
produced that became known as the “Rainbow Series.” The series consisted of six
publications, each with a different colored cover, describing the effects of fire on soil,
water, air, flora, fauna, and fuels.

The Rainbow Series proved popular in providing fire effects information for professionals,
students, and others. Printed supplies eventually ran out, but knowledge of fire effects
continued to grow. To meet the continuing demand for summaries of fire effects knowledge,
the interagency National Wildfire Coordinating Group asked Forest Service research leaders
to update and revise the series. To fulfill this request, a meeting for organizing the revision was
held January 4-6, 1993, in Scottsdale, Arizona. The series name was then changed to “The
Rainbow Series.” The five-volume series covers air, soil and water, fauna, flora and fuels, and
cultural resources.

The Rainbow Series emphasizes principles and processes rather than serving as a
summary of all that is known. The five volumes, taken together, provide a wealth of information
and examples to advance understanding of basic concepts regarding fire effects in the United
States and Canada. As conceptual background, they provide technical support to fire and
resource managers for carrying out interdisciplinary planning, which is essential to managing
wildlands in an ecosystem context. Planners and managers will find the series helpful in many
aspects of ecosystem-based management, but they will also need to seek out and synthesize
more detailed information to resolve specific management questions.

— The Authors
October 2000
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Summary

This state-of-knowledge review about the effects of fire
on flora and fuels can assist land managers in planning
for ecosystem management and fire management, and
in their efforts to inform others about the ecological role
of fire. Chapter 1 presents an overview and a classifica-
tion of fire regimes that is used throughout the report.
Chapter 2 summarizes knowledge of fire effects on
individual plants, including susceptibility to mortality of
aerial crowns, stems, and roots; vegetative regeneration;
seedling establishment from on-site and off-site seed
sources; seasonal influences such as carbohydrates and
phenological stage; and factors affecting burn severity.

Five chapters describe fire regime characteristics such
as fire severity, fire frequency, and fire intensity, and
postfire plant community responses for ecosystems
throughout the United States and Canada. Typical fuel
compositions, fuel loadings, and fire behavior are de-
scribed for many vegetation types. Vegetation types
including Forest-Range Environmental Study (FRES),
Kuchler, and Society of American Foresters (SAF) types
are classified as belonging to understory, mixed, or stand
replacement fire severity regime types. The severity and
frequency of fire are described for the pre-Euro-Ameri-
can settlement period and contrasted with current fire
regimes. Historic fire frequencies ranged from a fire
every 1 to 3 years in some grassland and pine types to a

Vi

fire every 500 to 1,000 years in some coastal forest and
northern hardwood types. In many vegetation types char-
acterized by understory fire regimes, a considerable shift
in fire frequency and fire severity occurred during the past
century. Successional patterns and vegetation dynamics
following disturbance by fire, and in some cases related
grazing and silvicultural treatments, are described for
major vegetation types. Management considerations are
discussed, especially for the application of prescribed fire.

A chapter on global climate change describes the
complexity of a changing climate and possible influences
on vegetation, fuels, and fire. The uncertainty of global
climate change and its interactions with vegetation means
expectations for fire management are general and tenta-
tive. Nonetheless, manipulation of wildlands and distur-
bance regimes may be necessary to ensure continual
presence of some species.

The last chapter takes a broader, more fundamental
view of the ecological principles and shifting fire regimes
described in the other chapters. The influences of fire
regimes on biodiversity and fuel accumulation are dis-
cussed. Strategies and approaches for managing fire in
an ecosystem context and sources of technical knowl-
edge that can assist in the process are described. Re-
search needs are broadly summarized.
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Chapter 1:

Introduction and Fire

Regimes

At the request of public and private wildland fire
managers who recognized a need to assimilate current
fire effects knowledge, we produced this state-of-the-
art integrated series of documents relevant to man-
agement of ecosystems. The series covers our techni-
cal understanding of fire effects, an understanding
that has expanded considerably since about 1980,
along with an awareness that fire is a fundamental
process of ecosystems that must be understood and
managed to meet resource and ecosystem manage-
ment goals. The “Rainbow Series” of documents stresses
concepts and principles, provides an entry into the
relevant literature, and discusses management impli-
cations. The volumes in the series are intended to be
useful for land management planning, development of
environmental assessments and environmental im-
pact statements, training and education, informing
others such as conservation groups and regulatory
agencies, and accessing the technical literature.

Knowledge of fire effects has attained increased
importance to land managers because fire as a distur-
bance process is an integral part of the concept of
ecosystem management. Fire—a disturbance that ini-
tiates change—affects the composition, structure, and
pattern of vegetation on the landscape. Disturbance is

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000

necessary to maintain a diversity of living things and
processes. The old idea of plant communities and their
broader ecological systems reaching equilibrium is
being rejected by modern ecologists and resource man-
agers (Botkin 1990; Morgan and others 1994).

Aldo Leopold (1949) recognized the principle of eco-
systems decades ago, but it has only recently received
widespread recognition as an important process to
guide management of wildlands. Although the variety
of governmental and private organizations respon-
sible for management of natural resources disagree on
an exact definition of ecosystem management, the goal
of sustainability is central to most approaches
(Christensen and others 1996). This goal focuses on
delivery of goods and services. Ecosystem manage-
ment defined by Christensen and others (1996) is
management driven by explicit goals, executed by poli-
cies, protocols, and practices, and made adaptable by
monitoring and research based on our best under-
standing of the ecological interactions and processes
necessary to sustain ecosystem structure and function.
This definition puts the primary focus on sustainabil-
ity of ecosystem structures and processes necessary to
deliver goods and services.
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Ecosystem management broadens the focus of man-
agement from patches or stands to landscapes of
variable scale. It moves the focus from individual
ecosystem parts such as timber, water, range, fish,
and wilderness, to how the parts fit together and
function as a whole (Bormann and others 1994). It
embodies other concepts such as conservation of biodi-
versity, sustained yield of multiple resources, and
ecosystem health (Salwasser 1994). A guiding premise
for sustaining ecosystems and protecting biodiversity
put forth by Kaufmann and others (1994) is to manage
ecosystems to conserve the structure, composition,
and function of all elements, including their frequency,
distribution, and natural extinction. Fire effects are
woven through all aspects of this premise. An ecosys-
tem can be defined as simply a place where things live
(Salwasser 1994) or in more detailed terms that relate
the interaction of organisms and physical environ-
ment through a flow of energy (Bormann and others
1994). Ecosystems contain components such as plants,
vegetative communities, and landforms, and processes
such as nutrient cycling. The dynamic nature of eco-
systems and the scale of landscape patterns and pro-
cesses are fundamental ecosystem characteristics that
managers must consider in integrating knowledge of
fire into the management of ecosystems.

Fireis a dynamic process, predictable but uncertain,
that varies over time and the landscape. Fire has
shaped vegetative communities for as long as vegeta-
tion and lightning have existed on earth (Pyne 1982).
Recycling of carbon and nutrients depends on biologi-
cal decomposition and fire. In regions where decay is
constrained by dry and cold climates, fire plays a
dominant role in recycling plant debris. In warmer,
moist climates, decay plays the dominant role (Harvey
1994).

Lightning as a cause of fire over geologic time is
widely appreciated. But humans also have been a
major source of ignition, having used fire for various
purposes during the past 20,000 years (Wright and
Bailey 1982) and beyond. The pervasive influence of
intentional burning by Native Americans during the
past several centuries is probably not fully appreci-
ated (Denevan 1992; Gruell 1985a). Human influence
was particularly significant in grasslands and those
communities bordering grasslands (Wright and Bailey
1982). Historically, fire caused by all ignition sources
occurred over large areas covering more than half of
the United States at intervals of 1 to 12 years; and fire
occurred at longer intervals over most of the rest of the
country (Frost 1998).

The land manager faces a complex challenge in
managing fire to achieve beneficial effects and avoid
unwanted results. Even attempts to eliminate harm-
ful fire can over the long term cause undesirable
consequences, such as increased risk of damaging fire

Chapter 1: Introduction and Fire Regimes

and declining ecosystem health (Covington and others
1994; Mutch and others 1993). Thus, it is imperative
that the immediate and long-term effects of fire be
understood and integrated into land management
planning.

Flora and Fuel Volume

The purpose of the Flora and Fuel volume is to assist
land managers with ecosystem and fire management
planning and in their efforts to inform others about the
role of fire and the basis for including fire as an
ecosystem management practice. The geographic area
covered in this series volume includes Canada and all
of the United States and adjoining Caribbean areas.
The contents focus on principles, generalities, and
broad scale fire effects on flora rather than on detailed
site specific responses. Vegetative response to indi-
vidual fires can vary substantially depending on a host
of factors involving characteristics of the fire, existing
vegetation, site conditions, and postfire weather. The
value and indeed challenge in preparing this volume
was in providing a summary of fire effects that was
meaningful over broad areas even in view of highly
variable responses. Those wishing a more detailed
explanation of fire effects on flora are referred to
several textbooks on the subject (Agee 1993; Johnson
1992; Wein and MacLean 1983; Wright and Bailey
1982).

Chapter 2 covers autecological effects of fire. Chap-
ters 3 through 7 are about regional fire regime charac-
teristics and postfire development of plant communi-
ties. Chapter 8 reviews the potential for climate change
and implications for fire management. Chapter 9
provides an overview of the ecological principles un-
derlying fire regimes, shifts in fire regimes, and re-
lated management considerations.

The regional fire regime chapters are organized by
the following biogeographic regions:

* Northern ecosystems

¢ Eastern United States forests and grasslands
* Western forests

* Western shrublands, woodlands, grasslands
* Subtropical ecosystems

Each plant community chapter is organized by fire
regime type (understory, mixed, stand-replacement)
and similar subheadings. First, the fire regime char-
acteristics are described, including fire severity, fire
frequency, fire size and pattern, and fuels and fire
behavior. This emphasizes the commonality of vegeta-
tion types that have similar fire regime characteristics
based on the dominant vegetation undergoing simi-
lar structural changes. Next, postfire plant commu-
nities are discussed with emphasis on temporal
changesin vegetation and fuels. Pre-1900 and post-1900

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000
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subheadings are often used to help distinguish be-
tween succession occurring before and after organized
fire suppression. The 1900 date is an approximation of
when fire suppression effectively reduced the extent of
wildfire. In some vegetation types knowledge is insuf-
ficient to determine whether successional patterns
differ between the two periods. Last, management
considerations are described involving silvicultural
practices, prescribed fire, ecosystem restoration, and
other aspects of planned disturbance for maintaining
healthy ecosystems.

The word “fuels” refers to live and dead vegetation
that can potentially contribute to combustion. Fuel
quantities can vary from a small portion to all of the
aboveground biomass depending on a number of fuel
properties especially particle size, moisture content,
and arrangement. Although vegetation biomass in-
creases predictably with time because of perpetual
photosynthesis, changes in fuel biomass over time can
be highly irregular due to the tradeoff between annual
increment and decay and properties affecting fuel
availability. In this volume fuels are described gener-
ally in terms of accumulation and flammability. Some
information on fuel loadings is presented primarily to
show typical values or a range in values that charac-
terize various vegetation types. Fuel loading models
for major vegetation types can be found in the First
Order Fire Effects Model (FOFEM), which provides
quantitative predictions of tree mortality, fuel con-
sumption, smoke emissions, and soil heating
(Reinhardt and others 1997). More detailed knowl-
edge can be found in theliterature referenced through-
out this volume.

Plant community fire effects are discussed for broad
vegetation types. Forest and Range Environmental
Study (FRES) ecosystem types (Garrison and others
1977), which cover the 48 contiguous States, are used
at the broadest scale. Society of American Forester
cover types (Eyre 1980) are also used especially for
Canada and Alaska, and where more resolution of fire
effects knowledge is needed. FRES ecosystem types
are based on an aggregation of Kuchler’s (1964) Poten-
tial Natural Vegetation classes (American Geographi-
cal Society 1975). FRES, SAF, and Kuchler types that
have similar fire regime characteristics are grouped to
show synonymy (tables 3-1, 4-1, 5-1, 6-1, 7-1). Due to
the subjective nature of defining vegetation types,
some overlap occurs among types, particularly Kuchler
and SAF types. For example, some SAF types may be
reported in more than one Kuchler type. The corre-
spondence of Kuchler and SAF types with FRES types
is also described in the Fire Effects Information Sys-
tem User’s Guide (Fischer and others 1996).

Scientific names of plant species referred to by
common names throughout the volume are listed
in appendix A. Appendix B describes the succession
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simulation models. And the glossary of fuel, fire, and
plant reproduction terms is in appendix C.

Fire Regimes

“Fire regime” refers to the nature of fire occurring
overlong periods and the prominent immediate effects
of fire that generally characterize an ecosystem. De-
scriptions of fire regimes are general and broad be-
cause of the enormous variability of fire over time and
space (Whelan 1995). Classification of fire regimes
into distinct categories faces the same difficulties and
a dilemma that underlie any ecological classification.
One difficulty is that putting boundaries around seg-
ments of biological processes that vary continuously
involves some degree of arbitrariness. The dilemma is
that for a classification to be useful to managers it
must be practical and easily communicated, thus free
of complexity. Yet to accurately reflect the nature of a
biological process, such as response to fire, it must
account for a complexity of interacting variables. A
tradeoffbetween practicality and accuracy or between
simplicity and complexity is required. The fire regime
concept brings a degree of order to a complicated body
of fire behavior and fire ecology knowledge. It provides
a simplifying means of communicating about the role
of fire among technical as well as nontechnical
audiences.

Classifications of fire regimes can be based on the
characteristics of the fire itself or on the effects pro-
duced by the fire (Agee 1993). Fire regimes have been
described by factors such as fire frequency, fire period-
icity, fire intensity, size of fire, pattern on the land-
scape, season of burn, and depth of burn (Kilgore
1987). The detail of a classification determines its best
use. The more detailed classifications are primarily
useful to ecologists and fire specialists attempting to
describe and understand the more intricate aspects of
fire. The simpler classifications are more useful for
broadscale assessments and for explaining the role of
fire to nontechnical audiences.

Heinselman (1978) and Kilgore (1981) produced the
first classifications of fire regimes directed at forests.
Two factors, fire frequency and intensity, formed the
basis for their commonly referenced fire regime classi-
fications (fig.1-1). A difficulty with fire intensity is
that a wide range of intensities, including crown fire
and surface fire, can cause stand-replacement because
mortality to aboveground vegetation is complete or
nearly complete. Fire intensity relates only generally
to fire severity. Severity of fire reflects (1) the immedi-
ate or primary effects of fire that result from intensity
of the propagating fire front and (2) heat released
during total fuel consumption. Plant mortality and
removal of organic matter are the primary fire effects.
Kilgore emphasized fire severity in his modification of
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Heinselman Kilgore Flora Volume Hardy & Others Morgan & Others
Frequent, — Frequent,
light surface fires (2) low-intensity surface fires (1)
<35yr.
Infrequent, — Infrequent, Understory fires Low-severity fires Nonlethal fires
light surface fires (1) low-intensity surface fires (2) (forest) (forest) (forest)
Infrequent, Infrequent,
severe surface fires (3) high-intensity surface fires (3) <35 yr. Stand- Nonlethal fires
replacement fires (grassland)
(any vegetation type)
Short-retum interval, Short-return interval, 35-100+ yr. Stand-
Crown fires (4) stand-replacement fires (4) Stand- replacement fires Stand-
replacement (any vegetation type) replacement
fires fires
Very long-return interval, — Very long-return interval, (any vegetation type) 200+ yr. Stand- (forest & shrublands)

Crown fires (6) stand-replacement fires (6)

Variable: Frequent,
low-intensity surface &
long return-interval
stand-replacement fires (5)

Long-return interval,
Crown fires (5)

No natural fires (0)

Mixed-severity
fires (forest)

Nonfire regimes

replacement fires
(forest)

35-100+
Mixed-severity fires
(forest)

—— Mixed-severity fires
(forest)

No burn

Rarely burns

Figure 1-1—Comparison of fire regime classifications by Heinselman (1978), Kilgore (1981), Hardy and others (1998), Morgan and
others (1998), and the Flora and Fuel Volume. Lines connect similar fire regime types. In parentheses, forest includes woodlands

and grassland includes shrublands.

Heinselman’s fire regimes by referring to mortality of
the primary tree cover as stand-replacement.

Two recent fire regime classifications have proven
useful for mapping extensive areas of forest, shrub-
land, and grassland vegetation at 1 km resolution.
Morgan and others (1998) mapped historical and cur-
rent fire regimes in the Interior Columbia River Basin
based on four fire severity and five fire frequency
classes (fig. 1-1). Hardy and others (1998) mapped fire
regimes of the Western United States using fire sever-
ity and fire frequency combined into five classes. They
keyed the fire regime classes to spectral images and
biophysical dataincluding elevation, hydrologic units,
Kuchler’s vegetation types, and Bailey’s (1995) sec-
tions. Results were used to prioritize allocation of
funds and resources as part of a national strategy for
prescribed fire. For example, high priority for restora-
tion using prescribed fire was assigned to areas where
current and historical fire regimes have departed
significantly such as in the ponderosa pine type.

Readers who wish to view a more complex ecological
classification are referred to the detailed classification
of fire regimes developed by Frost (1998). It incorpo-
rates periodicity of the fire cycle, primary season of
burn, fire frequency, and fire effects on vegetation. It

is very sensitive to fire frequency and its effects on
understory herbaceous species. Sensitivity to frequency
is provided by recognizing four frequency classes be-
tween 0 and 25 years. This separates some eastern and
western vegetation into different fire regime types.

The fire regime classification employed in this vol-
ume is based on fire severity. Characteristic fire fre-
quencies are reported but not combined with fire
severity into classes. Use of fire severity as the key
component for describing fire regimes is appealing
because it relates directly to the effects of disturbance,
especially on survival and structure of the dominant
vegetation. It is intended for broadscale applications
and for communication about fire’s role among re-
source managers and others interested in natural
resources.

Detailed information available about past fire re-
gimesis based mostly on biophysical evidence, written
records, and oral reports that encompass the period
from about 1500 to late 1800, a time before extensive
settlement by European-Americans in many parts of
North America, before intense conversion of wildlands
for agricultural and other purposes, and before fire
suppression effectively reduced fire frequency in many
areas. In this volume, we refer to the fire regimes of the

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000



Chapter 1: Introduction and Fire Regimes

past several centuries as “presettlement” fire regimes.
The following describes the fire regime types used in
the Flora and Fuel Volume:

1. Understory fire regime (applies to forests and
woodlands)—Fires are generally nonlethal to the
dominant vegetation and do not substantially
change the structure of the dominant vegetation.
Approximately 80 percent or more of the
aboveground dominant vegetation survives fires.

2. Stand-replacement fire regime (applies to for-
ests, woodlands, shrublands, and grasslands)—
Fires kill aboveground parts of the dominant
vegetation, changing the aboveground structure
substantially. Approximately 80 percent or more
of the aboveground dominant vegetation is ei-
ther consumed or dies as a result of fires.

3. Mixed severity fire regime (applies to forests and
woodlands)—Severity of fire either causes se-
lective mortality in dominant vegetation, de-
pending on different tree species’ susceptibility
to fire, or varies between understory and stand-
replacement.

4. Nonfire regime—Little or no occurrence of natu-
ral fire.

In this volume, we consider all ecosystem types
other than forest and woodland to have stand-replace-
ment fire regimes because most fires in those ecosys-
tem types eitherkill or remove most of the aboveground
dominant vegetation, altering the aboveground struc-
ture substantially. Most belowground plant parts sur-
vive, allowing species that sprout to recover rapidly.
This is true of tundra, grasslands, and many shrub-
land ecosystems. Morgan and others (1998) consider
grasslands to have “nonlethal” fire regimes based on
the criterion that structure and composition of vegeta-
tion is similar to the preburn condition within 3 years
after a burn (fig. 1-1). Because fire radically alters the
structure of the dominant vegetation for at least a short
time, however, we consider grassland ecosystems to
have stand-replacement fire regimes. Because grass-
land, tundra, and many shrublands are stand-replace-
ment fire regime types, a more interesting aspect of fire
regimesin these ecosystemsis fire frequency, which can
vary substantially and have a major influence on veg-
etation composition and structure.

The understory and mixed severity fire regimes
apply only to forest and woodland vegetation types.
The mixed severity fire regime can arise in three ways:

* Many trees are killed by mostly surface fire but
many survive, usually of fire resistant species and
relatively large size. This type of fire regime was
described as the “moderate severity” regime by
Agee (1993) and Heyerdal (1997).

¢ Severity within individual fires varies between
understory burning and stand-replacement, which
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creates a fine-grained pattern of young and older
trees. This kind of fire regime has not been recog-
nized in previous classifications. It probably oc-
curs because of fluctuations in weather during
fires, diurnal changes in burning conditions, and
variation in topography, fuels, and stand struc-
ture within burns (see chapters 5 and 6). Highly
dissected terrain is conducive to this fire regime.
In actuality, a blend of these two mixed severity
types probably occurs.

* Fire severity varies over time with individual fires
alternating between understory burns and stand-
replacement. Kilgore (1987) described this as the
“variable” regime and applied it to redwood for-
ests. It also fits red pine forests (chapter 3).

The fire regime types were simplified from the clas-
sifications reported by Heinselman (1978) and Kilgore
(1981). They are identical to the fire severity compo-
nent utilized by Hardy and others (1998) except we use
“understory” instead of “nonlethal” to depict that fire
regime. We chose the term understory as a fire regime
name because the term nonlethal is more easily mis-
interpreted when considering forest and nonforest
ecosystems. Our fire regime classification is similar to
that reported by Morgan and others (1998). To show
how all of these classifications are related, equivalent
or similar fire regime types are connected by lines in
figure 1-1. The primary ecological knowledge imparted
by fire regime types is whether fires leave the domi-
nant aboveground vegetation standing and alive or
result in stand-replacement. To reflect this, the fire
regime types used in this volume, are characterized as
nonlethal understory fire, stand-replacement fire, and
mixed severity fire.

Fire severity is defined by what happens on areas
that actually burned. In reality, unburned islands and
patches of variable size and shape occur within the
perimeter of fires. In studies of historical fire, it is
difficult to separate burned from unburned patches.
Thus, in applying the classifications, some nonlethal
effects of fire can be attributed to unburned patches.

Forests of all types can be grouped into the under-
story, mixed, or stand-replacement fire regimes, which
correspond to low, moderate, and high fire severity
types described by Agee (1993). Some forest types
occurring over a wide range of environmental condi-
tions can fall into two fire regime classes. For example,
mostlodgepole pine and jack pine forests were charac-
terized by stand-replacement fire. But some of the
forests, typically on drier sites, reflect a mixed fire
regime history. Evidence (Arno and others [in press];
Frost 1998) indicates that the mixed fire regime type
was more prevalent than previously thought espe-
cially in coniferous forests. As fire moves across the
landscape its behavior and effects can change dra-
matically due to variability in stand structure, fuels,
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topography, and changing weather elements. This can
result in highly variable tree mortality and survival
patterns within a fire’s boundary. Generally, the se-
verity and intensity of fire are inversely related to fire
frequency (Swetnam 1993). For example, stand-re-
placement fires tend to occur in forests with low
frequency, and understory to mixed severity fires tend
to occur in forests with high fire frequency. Consider-
able variability exists within this generalization.

In this volume we consider grasslands and tundra
fire regimes to be essentially all stand-replacement
because the aboveground dominant vegetation is ei-
ther killed or removed by fire. Also, many shrubland
ecosystems are stand-replacement fire regime types
because the dominant shrub layer is usually killed
back to growing points in or near the ground. Stand-
replacement fire in grass and sedge dominated ecosys-
tems may be either lethal or nonlethal to aboveground
vegetation. It is nonlethal if vegetative parts have
already cured and exist as dead fuel, which is often the
case in Western United States. But it is lethal if some
of the aboveground grasses and sedges are living and
are killed by fire as is commonly the case in marshes
of eastern North America and in tundra. Fire is usu-
ally nonlethal to belowground plant parts allowing
species that sprout to recover rapidly.

The natural role of fire can be understood and
communicated through the concept of fire regimes.
Significant changes in the role of fire due to manage-
ment actions or possible shifts in climate can be
readily described by shiftsin fire regimes. Itisincreas-
ingly recognized that knowledge of fire regimes is
critical to understanding and managing ecosystems.
To assistin this, fire regime types are identified for the
major vegetation typesin the United States and Canada
(tables 3-1, 4-1, 5-1, 6-1, 7-1). The prevalence of each
fire regime type within an ecosystem is characterized

Chapter 1: Introduction and Fire Regimes

as being of major or minor importance. Fire frequency
classes defined by Hardy and others (1998) are also
tabulated along with a range in fire frequencies where
there was sufficient knowledge.

To illustrate the extent and juxtaposition of various
fire regimes across the landscape, presettlement fire
regime types showing fire severity and fire return
intervals were mapped for the lower United States
(fig. 1-2). The mapping was based on a digitized atlas
of Kuchler’s Potential Natural Vegetation Types (Hardy
and others 1998) and the fire regime types ascribed to
the Kuchler types in chapters 3 to 7. In interpreting
the map, keep in mind that Kuchler types represent
broad classes; vegetative cover types and fire regime
types can vary within the Kuchler types. In the figure
legend, the overlapping of fire frequency classes such
as 0 to 10 and 0 to 35 years means that the broader
class encompasses more variability in fire return in-
tervals and uncertainty of estimation.

The mapillustrates the great expanse occupied by the
short return-interval, understory fire regime type in
the Eastern United States. It is important to note that
much of the presettlement oak-hickory type was a
savanna classified as forest having an understory fire
regime, but it reasonably could have been classified as
prairie having a short return-interval, stand-replace-
ment fire regime. The pattern and frequency of the
mixed fire regime type varies substantially between
western conifers and eastern hardwoods. Although the
mixed regime mortality is similar, the fire behavior and
species fire resistance differ. Fires in conifers typically
are more intense than in hardwoods, but conifers have
ahigherresistance to fire injury. Mapping of fire regime
types and changes between current and historical peri-
ods can be useful for broad-scale fire management
planning and for communicating with non fire manag-
ers about landscape fire ecology.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000



Brown

Chapter 1: Introduction and Fire Regimes

‘(spreusy wir Aq pasedaid) sadAy uonelaba [einjeN [enualod S.Ja|yany uo paseq sadAl swibal ali4—zg-T 8inbi4

wrem s18oK 00S 03 101 SoI1y jusurade[dar pue)s [ s1eok +(0S SoIy Juduade[dar puelg
PO SIBOA ()01 03 G¢ Saliy Juowaoe[dar puels [ SIBOA ()OS 03 10T So1y juswaoe[dar puelg
s1eak ¢ 03 (0 saaiy Judwdoe[dar puels _H_ S1B3A ()(7 01 S€ Saiy Juowdoe[dal puels

sIeoA ()] 03 () sa1yy Juowdoe[dar puels 1] SIe9A ¢ 01 () Ssa1y Juowdde[dar puels

SIBK ¢ 01 () ST AILIDADS PIXIIN ] SIBAK +(0S SOI AILIOAS POXIIA

SadA] qnuus pue sseir)  swak (0§ 01 [T S AILIGASS PIXI
SIBOA ()07 03 G¢ SaI1y AJLIDADS PIAXIN

SIBOA §€ 03 () SO} AJLIOAS PAXIN
SIe9A ¢ 01 () Saliy A103SI9pU)

SIedA ()] 01 () Saaij A103SI9pU)

JE0ENROmOn

SodA], pue|pOOA\ PUE 1SQI0,]

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000



Notes

8 USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000



Melanie Miller

Chapter 2:

Fire Autecology

F-ire is a key ecological process within most ecosys-
tems in the United States and Canada. An under-
standing of factors controlling the initial response of
vegetation to fire is essential to its management. Fire
effects on plants can vary significantly among fires
and on different areas of the same fire. Fire behavior,
fire duration, the pattern of fuel consumption, and the
amount of subsurface heating all influence injury and
mortality of plants, and their subsequent recovery.
Postfire responses also depend upon the characteris-
tics of the plant species on the site, their susceptibility
to fire, and the means by which they recover after fire.

This chapter describes the key elements that ex-
plain fire effects on vascular plants, those plants with
specific structures for gathering and transporting water
and nutrients. Effects on mosses, lichens, liverworts,
algae, and fungi are not discussed. The chapter ad-
dresses plant survival, resprouting, and seedling es-
tablishment in the initial stages of postfire recovery.
Factors that affect a species presence or absence in the
immediate postfire community will be described, but
not those that affect productivity, such as changes in
soil nutrient availability. The adaptations that allow
survival, and the methods by which plants recover, are
common to species found in almost all of the ecosys-
tems discussed in this volume. The chapter describes
principles in a general way, and provides specific
examples from different ecosystems, although no
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attempt has been made to present examples from
every system. Mechanisms operate in the same way no
matter where they occur.

Plant Mortality

The likelihood of plant tissue being killed by fire
depends upon the amount of heat it receives. The heat
received by a plant is determined by the temperature
reached and the duration of exposure. Most plant cells
die if heated to temperatures between about 122 to
131 °F (50 to 55 °C) (Wright and Bailey 1982). Plant
tissue withstands heat in a time-temperature depen-
dent manner. Mortality can occur at high tempera-
tures after a short period (Martin 1963), while death at
lower temperatures requires a longer exposure (Ursic
1961). Additionally, some plant tissues, particularly
growing points (meristems or buds) tend to be much
more sensitive to heat when they are actively growing
and their tissue moisture is high, than when their
moisture content is low (Wright and Bailey 1982). The
concentration of other compounds that vary season-
ally such as salts, sugars, and lignins may also be
related to heat tolerance of plants. Plant mortality
depends on the amount of meristematic tissues killed.
Susceptible tissue may not be exposed to heating by
fire because it is protected by structures such as bark
or bud scales, or is buried in duff or soil.
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Plant mortality is often the result of injury to several
different parts of the plant, such as crown damage
coupled with high cambial mortality. Death may not
occur for several years and is often associated with the
secondary agents of disease, fungus, or insects. The
resistance of plants to these agents is often lowered by
injury, and wound sites provide an entry point for
pathogens in conifers (Littke and Gara 1986) and
hardwoods (Loomis 1973). A plant weakened by
drought, either before a fire or after wounding, is also
more likely to die.

Aerial Crown Mortality

A woody plant’s structure affects the probability
that the aboveground portion will be killed by fire.
Important aerial crown characteristics include branch
density, ratio of live to dead crown material, location
of the base of the crown with respect to surface fuels,
and total crown size (Brown and Davis 1973). Height
enhances survival, as the aerial portions of small
stature plants are almost always killed. Species of
trees that self-prune their dead lower branches, such
asred pine, are less likely to have a fire carry into their
crowns (Keeley and Zedler 1998). Small buds are more
susceptible to lethal heating than large buds because
of their small mass (Byram 1948; Wagener 1961).
Large buds, such as on some of the pines, are more heat
resistant. The small diameter twigs and small buds of
most shrub species make them fairly susceptible to
fire. For conifers, long needles provide more initial
protection to buds than short needles that leave the
bud directly exposed to heat from the fire (Wagener
1961). Whether leaves are deciduous or evergreen
affects crown survival in that deciduous trees are
much less susceptible during the dormant than grow-
ing season.

In order for the aerial crown to survive fire, some
buds and branch cambium must survive. For conifers
with short needles and trees and shrubs with small
buds, crown scorch is often equivalent to crown death
because small buds and twigs do not survive (Wade
1986). The upper portions of the crown may survive on
taller trees. Large buds shielded by long needles can
survive fires that scorch adjacent foliage (Ryan 1990;
Wade 1986). The large shielded buds of ponderosa
pine, lodgepole pine, western white pine, and western
larch can survive at a 20 percent lower height than
that where foliage is killed (Ryan 1990). Crown con-
sumption is a better indicator of crown mortality than
scorch for fire-resistant conifers such as longleaf pine,
which has long needles, large well protected buds, and
thick twigs (Wade 1986). Crown characteristics that
affect survival of trees after fire are listed in table 2-1.

The scorching of a tree crown is primarily caused by
peak temperature heat fluxes associated with the
passage of the flaming fire front (Van Wagner 1973).
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Long-term heating caused by burnout of fuel concen-
trations after the flaming front has passed can also
scorch crowns. Whether the heat generated by fire is
lethal to foliage also depends on the ambient air
temperature (Byram 1958). For example, at a 90 °F air
temperature without wind, the height of foliage scorch
can be approximately 25 percent higher than it would
be at 77 °F, because at higher air temperatures less
additional heat is required to raise the foliage tem-
perature to a lethal level (Albini 1976). Scorch is also
affected by the degree to which heat is dissipated by
wind (Van Wagner 1973). In western conifers, the
percent of crown volume with scorched foliage is a
better predictor of crown mortality than scorch height
becauseitis abetter measure of the amount of remain-
ing live foliage (Peterson 1985). In southern pine
species, nearly all trees can survive 100 percent crown
scorch except during the fall when survival is about 95
percent (Wade 1985; Weise and others 1990). Heat-
caused needle damage is detectable within a few days,
sometimes within hours, and becomes more obvious
over the next several weeks (Ryan and Wade 2000).

Stem Mortality

In fires where aerial crowns are not burned, trees
and shrubs can be killed by girdling, caused by lethal
heating of the cambial layer, the active growth layer
just beneath the bark. Fire resistance of tree stems is
most closely related to bark thickness, which varies
with species, tree diameter and age, distance above
the ground, site characteristics, and health and vigor
of the tree (Gill 1995). Some species with thin bark
have a fairly thick collar of bark at the base of the bole
(Harmon 1984). The insulating quality of bark is also
affected by its structure, composition, density, and
moisture content (Hare 1965; Reifsnyder and others
1967), factors that vary among species. For example,
among central hardwoods, bark of silver maple has a
high specific gravity and thermal conductivity, and
can transmit heat to cambial layers in less time than
bark with a low specific gravity and conductivity, such
asburoak and eastern cottonwood (Hengst and Dawson
1994). Flame length (Brown and DeByle 1987), flam-
ing residence time (Wade 1986), and stem char height
(Regelbrugge and Conard 1993; Regelbrugge and Smith
1994) can be related to the amount of mortality of thin-
barked trees. The cambium layer of thin-barked trees
such as lodgepole pine and subalpine fir is usually
dead beneath any charred bark (Ryan 1982). For
Northwestern conifersin natural fuel situations, mini-
mum bark thickness associated with consistent tree
survival is about 0.39 inches (1 cm) (Ryan 1990). Wade
and Johansen (1986) noted that bark as thin as 0.5
inch (1.25 cm) could protect young loblolly and slash
pines during dormant season fires with low fireline
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Figure 2-1—Scorched boles on surviving ponderosa pine,
Selway-Bitterroot Wilderness, Idaho.
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intensity. A summary of tree bark characteristics
related to fire survival is in table 2-1.

Cambium that grows beneath thick bark layers
typically found on mature Douglas-fir, western larch,
and ponderosa (fig. 2-1), Jeffrey, longleaf, slash, and
loblolly pines is insulated from heat released by the
flaming front. However, the cambium can be killed by
long-duration heating, such as from burnout of logs
and smoldering combustion in deep litter and duff
layers (fig. 2-2). Complete basal girdling is generally
only caused by smoldering ground fires because the
amount and distribution of dead woody fuels is rarely
adequate to lethally heat the entire circumference of a
thick-barked tree (Ryan and Reinhardt 1988). The
deeper the basal mound of dry duff that is consumed,
the morelikely that tree cambium is killed (Harrington
and Sackett 1992; Ryan and Frandsen 1991). In thick-
barked trees, crown injury is more often the cause of
mortality than bole damage (Ryan and Reinhardt
1988).

Fire scars occur where the cambium is killed and
often are not evident until the dead bark sloughs from
the tree (Smith and Sutherland 1999). Because char-
ring doesn’t happen unless the bark actually burns,
charring often doesn’t occur until a subsequent fire
burns the exposed surface. Once tree cambium is
injured by fire or mechanical damage, it is often more
susceptible to additional fire scarring, both because
the bark is thinner near the scar, and because of pitch
that is often associated with wounds. Fire scars can
become infected by wood-inhabiting microorganisms
including decay fungi. The survival of chestnut and

Figure 2-2—Smolderingand
glowing combustion in duff
can lethally heat tree boles
androots such asin this Dou-
glas-fir/'western larch stand,
Lubrecht Experimental For-
est, Montana.
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black oaks after surface fires in Eastern hardwood
forests has been attributed to their ability to rapidly
and effectively compartmentalize the wound, forming
a boundary around the injured and decayed tissue
that reduces the spread of infection (Smith and
Sutherland 1999).

Many large hardwoods survive fire but have charred
bark on the lee side, which in thin-barked species is a
telltale sign that the underlying cambium has been
killed. Even though the bark often remains intact for
1 or 2 years, the damaged sapwood begins to decay,
reaching the heartwood in several years and then
progressing upward at a more rapid rate. Height of
decay is directly correlated to age of wound (Kaufert
1933). On fast-growing bottomland hardwoods, wounds
less than 2 inches (5 cm) wide usually heal over before
rot enters, but larger wounds are nearly always in-
fected, ruining the butt log (Toole 1959). Decayed
sapwood disintegrates rather quickly, creating the
hollow found on many old growth hardwoods in the
South. Most hollow trees also develop an enlarged
buttress. Toole (1959) found that bottomland hard-
woods that initially survive fire suffer considerable
mortality over the next several years from breakage of
decay weakened stems. Loomis (1973) presented meth-
odology for predicting basal wound size and mortality
to surviving trees in oak-hickory stands.

Root Mortality

Structural support roots growing laterally near the
surface are more susceptible to fire damage than those
growing farther beneath the surface. Roots found in
organic layers are more likely to be consumed or
lethally heated than those located in mineral soil
layers. The locations of structural roots are summa-
rized for important tree species in table 2-1.

Feeder roots collect most of a tree’s water and nutri-
ents, are small in diameter, and are usually distrib-
uted near the surface. Feeder roots located in organic
soil layers are more subject to lethal heating and
consumption than those located in mineral soil. Loss of
feeder roots may be a more significant cause of tree
mortality than structural root damage (Wade 1993).
Feeder root death may not always kill the tree, but it
can place the tree under significant stress. Increased
amounts of root damage can result from fires that
smolder in accumulations of litter beneath trees
(Herman 1954; Sweezy and Agee 1991; Wade and
Johansen 1986). This can be a critically important
factor if most of the feeder roots are located in thick
dufflayers, caused by the exclusion of fire or a regime
of dormant season prescribed burning that consumed
hardly any surface organic matter. There may be
enough root injury or death to kill trees and shrubs,
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even though little or no damage is apparent to their
aerial crowns (Geiszler and others 1984). While tree
crown mortality can be related to fireline intensity,
mortality of buried plant parts depends much more on
the duration of all phases of combustion that regulates
the downward heat pulse, than on the duration of the
flaming front (Wade 1986).

Fire Resistance

Tree resistance to fire generally increases with age.
Crowns become larger and for some species, the height
to the base of the live crown increases, either from self
pruning or removal of basal branches by surface fires.
Bark thickness and stem diameter increase. A sup-
pressed tree may develop fire resistance characteris-
tics at a much slower rate than a vigorous tree of the
same age and species resulting, for example, in amuch
thinner bark in suppressed loblolly pine (Wade 1993).
The growth stage at which important species of trees
become fire resistant and the degree of resistance of
mature trees are summarized in table 2-1.

Vegetative Regeneration

Sprouting is a means by which many plants recover
after fire. Shoots can originate from dormant buds
located on plant parts above the ground surface or
from various levels within the litter, duff, and mineral
soil layers (fig. 2-3). The type of plant parts that
support dormant buds and where they are located in or
above the soil are species-specific characteristics (Flinn
and Wein 1977). The plant structures that give rise to
regenerating shoots are summarized for different life
forms of North American native plants in table 2-2.

&
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* Buds that generate new shoots after fire

Figure 2-3—Various plant parts that regenerate new shoots
and their location in and above the soil.
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Table 2-2—Type and location of buds that regenerate new shoots after fire by broad plant groups (X = common, u = uncommon).

Trees Herbs

Broad-leaf Perennial
Bud type Location Conifer evergreen Deciduous Shrubs forbs Grasses
Epicormic Aerial u
Stolon Above soil & duff X X
Root collar In & above soil u X X
Root crown In & above soil u X X X
Caudex In soil or duff® X
Root In soil or duff? X X X
Rhizome In soil or duff? X X X
Bulb, corm In soil X

2 Budding organs may grow into duff after it accumulates to suitable depth.

Sprouting of Woody Plants

Dormant Bud Locations—Many woody plant spe-
cies have dormant buds located in the tissue of stems,
above or below the surface of the ground. These plants
sometimes sprout from the root collar, the point where
roots spread out from the base of the stem. Such
species include antelope bitterbrush, bigleaf maple,
rabbitbrush, mountain mahogany, turkey oak, north-
ern red oak, and paper birch (table 2-1, fig. 2-4).
Epicormic sprouts develop in species such as eucalyp-
tus, pond pine, and pitch pine from buds buried in
woody tissue of tree stems, or from bud masses present
in branch axils. Lignotubers, burls, and root crowns
are names for masses of woody tissue from which roots
and stems originate, and that are often covered with
dormantbuds (James 1984). These buds may be deeply
buried in wood, and may be located far below the
surface if the tissue mass is large. Plants with this
commonly occurring structure include white sage
(Keeley 1998), chamise, willow, serviceberry, alder,
and tanoak.

An unusual trait shared by pitch, pond, and short-
leaf pines is the formation of a basal crook that en-
hances the ability of these species to produce basal
sprouts when the stems are topkilled by fire. When
seedlings are small, they fall over (presumably from
their own weight), grow prostrate, and then resume
vertical growth, which results in a basal crook at the
soil surface (Little and Somes 1956). Primary needles
with their axillary buds form just above the hypocotyl
and just below the second bend of the crook (Stone and
Stone 1954; Walker and Wiant 1966). Rootlets also
form from the uppermost root tissue close to the bud
cluster anchoring the stem in place. Buds on the lower
side of the crook are thus well protected from fire. If
fire topkills a seedling or sapling, these dormant buds
sprout and the same growing process is repeated.
Because sprouts originating after the second or third

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000

Figure 2-4—Sprouts of paper birch that developed from root
collar, Frenchman Lake, Alberta.
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fire have a well-developed root system, their height
growth is more rapid than that ofthe original seedling.

Dormant buds are often located on laterally growing
stems or roots of woody plants. Some woody species,
such as aspen and horsebrush, have dormant buds or
bud primordia located along roots from which new
shoots can originate. Rhizomes are the horizontal
underground stems that have a regular network of
dormant buds that can produce new shoots and adven-
titious roots (Welsh and others 1987; Zasada and
others 1994). Woody rhizomatous species include blue
huckleberry, bogblueberry, thimbleberry, white spirea,
Gambel oak, creeping barberry, chokecherry, and La-
brador tea (fig. 2-5).

Sprouting Process—Postfire sprouting in woody
plantsisaprocess thatisregulated by the same factors
that control vegetative regeneration after other types
of disturbances. Consider the physiological interac-
tions that produce new aspen shoots, a model summa-
rized by Schier and others (1985) that likely applies to
other plants with buried regenerating structures. The
growth of most dormant buds or bud primordia is
controlled by a phenomenon called apical dominance.
Growth hormones, particularly auxin, a plant hor-
mone manufactured in actively growing stem tips and
adjacent young leaves, are translocated to dormant
buds, which prevent them from developing into new
shoots. If stem tips and leaves are removed, the source
of growth hormones is eliminated. The balance of
plant hormones within the buds changes. Growth
substancesin roots, particularly cytokinins, are trans-
located upward to the buds and can cause the dormant
buds to sprout, or stimulate bud primordia to
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differentiate into shoots. Cytokinins may already be
present in buds, and a decrease in the ratio of auxins
to cytokinins provides the stimulus for bud outgrowth.

Fire initiates regeneration from buds by killing
surface plant parts that inhibited their growth. The
buds that become shoots are usually those nearest to
the part of the plant killed by the fire. If dormant buds
are destroyed, new buds may differentiate from wound
tissue, called callus, and subsequently produce shoots
(Blaisdell and Mueggler 1956). Once new shoots are
actively growing, they produce growth hormones that
are translocated to other dormant buds that are far-
ther away from the point of damage, suppressing their
growth (Schier 1972) (fig. 2-6).

The reduced understory cover and thickness of or-
ganic layers following fire can increase light near the
surface, and in turn promote an increase in sprouting
because light can cause rhizome tips to turn upward
and develop leafy shoots once they reach the surface
(Barker and Collins 1963; Trevett 1956). This possibil-
ity suggests that some postfire shoots may develop
from rhizome tips, not dormant buds. Schier (1983)
found that decapitating a rhizomatous plant caused
laterally growing rhizomes to turn upward and be-
come shoots. Additional rhizomes often form in re-
sponse to vigorous aerial plant growth (Kender 1967),
and may subsequently produce aboveground shoots
(fig. 2-7). Sprouts from new rhizomes may recolonize
areas where old rhizomes and other reproductive plant
parts were killed by a fire. Plants may sprout soon
after a fire, or not until the following spring if the fire
occurs after the plants have become dormant (Miller
1978; Trevett 1962). Warmer soil temperatures fol-
lowing fire may enhance the amount of sprouting that

Figure 2-5—New shoot growth
from a rhizome of Labrador tea,
Seward Peninsula, Alaska.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000
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Figure 2-6—Suppression of bud outgrowth farther down the
stem by actively growing new shoot of blue huckleberry, Lubrecht
Experimental Forest, Montana.

occurs (Zasada and Schier 1973). The initial energy
required to support growth until the sprout is photo-
synthetically self-sufficient comes from carbohydrates
and nutrients stored in the regenerating structures or
in adjacent roots (James 1984).

Postfire sprouting ability can vary with plant age.
Young plants that have developed from seed may not
be able to sprout until they reach a certain age, which
varies by species (Smith and others 1975; Tappeiner
and others 1984). Older plants of some species may be
able to produce few, if any, sprouts that survive. Older
plants (80+ years) of other species such as pitch pine
(Little and Somes 1956) can produce stump sprouts
prolifically. Minimal postfire root sprouting such as
documented in deteriorating aspen stands may be
caused by a combination of root system dieback and
continued inhibition of sprouting by residual stems
(Schier 1975). The ability of selected tree species to
vegetatively regenerate after a fire, and the structure

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000
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from which the sprouts develop are summarized in
table 2-1.

Sprouting and Burn Severity—Burn severity
(also called depth of burn and ground char, see glos-
sary) is a measure of the amount of fuel consumption
and associated heating at and below the ground sur-
face (also see fire severity in glossary). It is a function
of the duration of the fire, and relates closely to the
amount of surface fuel, litter and duff consumption,
and their moisture content. Severity classes have been
defined by Viereck and others (1979) and Ryan and
Noste (1985). A strong relationship exists between
subsurface heating and postfire sprouting in forested
areas (Dyrness and Norum 1983; Miller 1977; Morgan
and Neuenschwander 1988; Ryan and Noste 1985),
and in rangeland shrubs (Zschaechner 1985), which
can be related to the distribution of buried buds (Gill
1995). Figure 2-8 depicts the relationship between the

Figure 2-7—New rhizomes formed on postfire aster sprout that
may colonize adjacent areas, East Kootenay Mountains, British
Columbia.
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Figure 2-8—Effects of subsurface heating on postfire sprout-
ing of a rhizomatous shrub: (a) Network of unburned rhizomes.
(b) Moderate severity fire lethally heated the rhizomes near the
surface, but many postfire sprouts grew from more deeply
buried rhizomes. (c) High severity fire killed most of the rhi-
zomes, but a few sprouts grew from a deep, surviving rhizome.

amount of postfire sprouting of a rhizomatous shrub
and the depth of lethal heat penetration.

A low severity fire (lightly burned, short duration,
low ground char) that only consumes some of the
surface fuels may kill laterally growing rhizomes or
roots near the surface, or stem buds that are not well
protected. It haslittle effect on most buried plant parts
and can stimulate significant amounts of postfire
sprouting.

A moderate severity fire (moderately burned, mod-
erate duration, moderate ground char) consumes the
litter layer, and partially consumes both large woody
debris and the duff layer. It incinerates plant struc-
turesinlitter and the upper dufflayer, such as shallow
rhizomes, and may kill buds on portions of upright
stems that are beneath the surface, and buds on the
upper part of root crowns (fig. 2-9). Sprouting occurs
from buds in deeper duff or soil layers. Johnston and
Woodard (1985) found that mortality of rhizomes of
beaked hazel and red raspberry only occurred in areas
of relatively high surface fuel loading, but sprouting
still occurred from more deeply buried rhizomes that
survived the fire. Moderate severity fires frequently
cause the greatest increase in stem numbers (fig. 2-8)
of root sprouters such as aspen (Brown and Simmerman
1986) and of rhizomatous shrubs (Miller 1976). When
heat prunes rhizomes below the surface where rhi-
zome density is high (fig. 2-8b), shoots develop from
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buds along the rhizome, and appear as separate plants
above the surface. Several shoots can replace what
was previously one shoot. Other new shoots may
develop from rhizome tips that are stimulated to turn
to the surface and become shoots.

A high severity fire (heavily burned, long duration,
deep ground char) removes the dufflayer and most of
thelarge woody debris, particularly rotten material. It
can eliminate species with regenerative structures in
the dufflayer, or at the duff-mineral soil interface, and
may lethally heat some plant parts in upper soil
layers, particularly where concentrations of heavy
fuelsorthick dufflayers are consumed. Any resprouting
that does occur on heavily burned microsites can only
occur from stolons and rhizomes that recolonize from
adjacent areas or from deeply buried plant parts (fig.
2-8c). Miller (1977) observed that sprouting was de-
layed on a severely burned microsite, with a single
huckleberry sprout not emerging until the third grow-
ing season from a rhizome about 9 inches below the
surface. Abundant vegetative regeneration can still
develop from species with deep roots such as aspen, or
deep rhizomes such as Gambel oak.

Sprouting of Forbs

In North America north of the tropics, perennial
forbs are broad leaved species that completely regrow
their leaves and stems each year, after dying back
during winter cold or summer drought. Some of these
plants can persist in closed canopy environments that
develop in the years after fire, producing a few leaves
at the beginning of each growing season, which are
often eaten by animals, or die back as the soils dry out
(Christensen and Muller 1975).

Forbs have regenerative structures that are similar
to those in woody plants, but also some that are
unique. Stolons are stems of herbaceous species that
grow on or near the surface of the ground, producing
plants with roots at the node apex such as a series of
strawberry plants (Benson 1957; Welsh and others
1987), and twinflower (McLean 1969). Dormant buds
of fireweed and bracken fern are located on roots.
Western yarrow, heartleaf arnica, showy aster, wild
sasparilla, and star-flowered Solomon’s seal are rhi-
zomatous forb species.

A caudexis alargely underground, often woody stem
base that persists from year to year and produces
leaves and flowering stems (Benson 1957; Welsh and
others 1987). This structure is found in species such as
Indian paintbrush, lupine, wild columbine, and
arrowleafbalsamroot. Other buried reproductive struc-
tures include bulbs (buried buds covered with thick
fleshyleaves)found in common camas and deathcamas
and corms (bulb-like, short thickened stems) of glacier
lily and gayfeather species.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000
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Figure 2-9—Sprouts originating from root crown of serviceberry, after a moderate severity fire killed buds on uppermost exposed
surfaces, Piceance Basin, northwestern Colorado.

Leaves and stems suppress outgrowth of subsurface
dormant buds. If fire occurs during the growing sea-
son, death of the apical meristems removes inhibition
of subsurface buds and new shoots form. If a fire occurs
when herbaceous plants are seasonally dormant, fire
does not remove the source of inhibition because
aboveground leaves and stems are cured and some-
times already decomposed. Dormant structures will
grow new leaves after the occurrence of appropriate
seasonal cues of temperature and moisture. Whether
herbaceous plants recover after fire depends largely
on whether their regenerative structures are exposed
to lethal temperatures. Similar to woody plants, their
survival depends on depth below the surface, whether
they are located in combustible material, and the
subsurface moisture regime at the time of the fire.
While the stolons of strawberries make them suscep-
tible to even low severity fire, the deep rhizomes of
showy aster allow survival of some plants after fairly
severe fires. Lupine and timber milkvetch can regen-
erate even when the entire plant crown is consumed
(McLean 1969). Fireweed and bracken fern can produce

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000

significant numbers of sprouts after high severity fires
because many buds far below the surface can survive
even severe fire treatments (Frye 1934; Moss 1936). In
California, 57 of 58 herbaceous perennial species
resprouted after wildfire in chaparral (Keeley 1998).

Sprouting of Grasses

New leaf tissue of grasses forms at the meristems
during the active growing period, and resumes after
summer quiescence or winter dormancy. New growth
also may occur by “tillering,” branching from dormant
axillary buds in the plant crown or on rhizomes. Grass
plants are killed when all meristems and buds are
lethally heated. Cool-season grasses that green up
early in the growing season can be killed by the
burning litter of associated warm-season grasses that
are still dormant and more heat resistant (Anderson
1973). Perennial grasses also may be killed if fire
burns in the cured litter of annual grasses while
perennials are still actively growing (Wright and
Klemmedson 1965).
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Stoloniferous and Rhizomatous Grasses—
Stoloniferous grasses are frequently killed by fire
because most stolons are at or near the surface. Whether
rhizomatous grasses are stimulated or killed by fire
depends on rhizome depth below the surface, whether
rhizomes are located in mineral or organic soil layers,
the moisture content of these layers, and the amount
and duration of heat generated by the surface fire.
Rhizomatous grasses such as western wheatgrass
often respond positively to rangeland fires because
meristems and buds are usually protected by soil, and
a long duration source of surface heat over large,
contiguous areas is rarely present (Wright and Bailey
1982). In forested areas, grass rhizomes are more
likely to be located in litter or dufflayers or in associa-
tion with dead woody fuels. On sites where fire con-
sumes the duff layer, grass rhizomes located in the
duff, such as pinegrass may be killed (S. A. Snyder
1991). However, some rhizomes often survive in deep
mineral soil layers and can rapidly re-colonize se-
verely burned areas.

Bunchgrasses—Meristems and dormant buds of
different bunchgrass species can be located within the
bunch above the level of the soil, or at various depths
below the soil surface. Buds and meristems can be
readily exposed to lethal temperatures, or be fairly
well protected if deeply buried in unburned organic
materials or in soil. For example, buds in the fairly
compact root crown of Idaho fescue lie at or above the
surface of the ground and are easily killed (Conrad and
Poulton 1966), while basal meristems of bottlebrush
squirreltail, Thurber’s needlegrass (Wright and
Klemmedson 1965), and wiregrass lie about 1.5 inches
(4 cm) below the mineral soil surface and are more fire
resistant (Uchytil 1992) (figs. 2-10, 2-11).

The moisture content of bunchgrass plants and
adjacent fuels affect the amount of heat that the
meristems receive. If plants are actively growing,
their foliar moisture content can be too high to allow
fire to enter the stand of plants. If bunchgrass crowns
are moist, it is unlikely that they will ignite and burn.
If the dead center of a bunchgrass plant is dry, it can
ignite, smolder, and burn, killing most or all growing
points. Heat from burning shrubs can dry and preheat
adjacent bunchgrass clumps to ignition temperature,
causing higher bunchgrass mortality than on a similar
site with few shrubs that burned under the same
conditions (Zschaechner 1985).

Dry bunchgrass crowns that are ignited are not
always consumed. Midsummer fires in northwest Colo-
rado burning under high windspeeds charred only the
tops of the crowns of bluebunch wheatgrass and Indian
ricegrass plants that were 4 to 5 inches (10 to 13 cm) in
diameter. In this case, despite dry conditions, fire may
have moved through the grass litter too quickly to
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ignite the root crowns, resulting in little plant mortal-
ity (Petersburg 1989).

Wright (1971) discussed the relationship between
stem coarseness and the rate at which a bunchgrass
clump burns. Fire tends to pass fairly quickly through
coarse-stemmed bunchgrasses, which donothave much
fuel concentrated at their base near reproductive struc-
tures. Fine-stemmed grasses with a dense clumping of
basal stems can burn slowly and generate a fair
amount of heat that can be transferred to meristems
and buds. Fires tend to burn more rapidly through
small-diameter bunches compared to large-diameter
bunches. Larger bunches usually have more dead fuel
and are thus more likely to produce enough heat to kill
growing points (Wright and Klemmedson 1965). These
relationships support Petersburg’s (1989) observation
that high rate of fire spread may have contributed to
the survival of moderate diameter bunches of fine
textured grass in northwestern Colorado that other-
wise may have suffered fairly high mortality.

A rangeland bunchgrass grows where little surface
fine fuel surrounds the plants, other than the dead
grass blades immediately associated with the grass
crown. The amount of postfire sprouting in this envi-
ronment can be related to the amount of growing point
mortality (Conrad and Poulton 1966). For those spe-
cies having meristems above the mineral soil surface,
the highest postfire sprouting potential usually is
found in those plants with only some surface litter
removed. Sprouting decreases as the amount of basal
litter consumption increases, with new shoots tending
to appear only from the outside edge of the bunch when
little unburned stubble remains. Mortality is most
likely to occur if all plant material above the root
crowns is consumed.

Seedling Establishment

Seedling establishment is affected by the amount of
seed present and conditions required to induce germi-
nation and provide a favorable environment for initial
seedling growth. The interaction between the seed and
its environment determines whether it successfully
germinates and establishes. Requirements for suc-
cessful germination and establishment can differ sig-
nificantly among species.

Seed Supply and Dispersal

The supply of seeds of a given species is greatly
influenced by annual seed production, which can vary
significantly (Zasada and others 1978). Conifer regen-
eration may be limited if cone crops are poor during the
time when exposed mineral soil seedbed is present.
Surviving plants on or near the burned area may be too
young (Barney and Frischknecht 1974; Zasada 1971)
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Figure 2-10—Sand dropseed producing postfire growth from root crown meristems at the soil surface,
Guadalupe Mountains National Park, western Texas

Figure 2-11—Basin wildrye growing after a fire from meristems below the soil surface, Bighorn Mountains,
Wyoming.
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or too old to produce much viable seed. Species of pines
occurring in high fire frequency habitats generally
begin producing cones earlier than other pine species
(Keeley and Zedler 1998).

The timing of seed dispersal is a species-specific
characteristic that varies with elevation and latitude
(Zasada 1986). The occurrence of fire with respect to
the dispersal of seeds can determine the rapidity of
regeneration. Heat from fire may kill seeds that have
recently fallen to the ground, preventing establish-
ment ofthat species until after the next year’s seedfall.

Seeds that are available to recolonize a burned site
may have originated on-site or been dispersed from
off-site after the fire. On-site seeds may come from
surviving trees, from plants that grow after the fire, or
from seed stored in the soil before the fire. The amount
of off-site seed dispersal from unburned areas depends
on the amount of available seed, the distance of the
seed source from the burned area, the prevailing wind
direction, and the type of seed. Seed dispersal mecha-
nisms vary. Light seeds may be carried aloft while
heavier seeds may skid across the surface of the snow.
Some seeds have wing-like structures that enhance
their movement through the air. Seeds with barbs or
hooks may be carried in fur or feathers. Hard-coated
seeds ingested along with their fruit pass through the
bird or animal, sometimes with an enhanced likeli-
hood of germination. Mature capsules of some species
explosively release their seed (Parker and Kelly 1989).
Animals and birds can disperse seeds at great dis-
tances from the parent plant, with Clark’s nutcrackers
(Nucifraga columbiana) observed to carry pinyon pine
seed up to about 9 miles (Chambers and others 1999).

After dispersal, many seeds remain on or near the
surface, although gravity, freezing and thawing,
litterfall, and foraging activities of mammals, birds,
andinsects can deeply bury seeds (West 1968; Tomback
1986). Clark’s nutcrackers, pinyon jays (Gymnorhinus
cyanocephalus), squirrels, and mice cache a signifi-
cant proportion of seed of certain species below the
surface. There, seeds may exist within a matrix of soil,
organic material, or a mixture of both.

Seedbank

The seedbank, the supply of seeds present on a site,
is composed of transient and persistent seeds, which
may be in litter and soil layers and in the tree canopy
(table 2-3). There may be an enormous reserve of seed
in the seedbank. Seed supply of various species and
inherent seed longevity both affect the numbers of
viable seeds. Some plants produce seeds that are a
transient part of the seedbank, such as willow, which
may remain viable for only a few weeks. There is little
or no annual carryover of pine seed in soil seedbanks
(Pratt and others 1984), and few conifer seeds are
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presentin the forest floor of a mature forest (Archibold
1989; Ingersoll and Wilson 1990; Kramer and Johnson
1987). Many seeds, particularly large ones, are lost
from the seedbank by predation.

Soil-Stored Seed—In a ponderosa pine commu-
nity, viable seeds of most grass and annual forb species
were found mostly in the litter layer, indicating short
longevity or recent dispersal, while seeds of perennial
forb species were found mostly in mineral soil, and
probably were fairly long-lived (Pratt and others 1984).
Seeds of some species persist in the soil for years after
dispersal. Seeds of pincherry can survive in the seed-
bank for up to 100 years after the parent trees have
died out of the overstory (Whittle and others 1997),
while snowbrush ceanothus seeds remain viable for
200 to 300 years or more (Noste and Bushey 1987).

Species present in the seedbank of mature decidu-
ous (Pickett and McDonnell 1989) and coniferous
forests (Archibold 1989) are often shade-intolerant,
early seral species, which may not be present in the
overstory or understory. Few large seeded or shade
tolerant species reside for long in the deciduous forest
seedbank (Pickett and McDonnell 1989). In many
grassland communities, there is a distinct difference
between the species growing on the site and those
present in the seedbank (Rice 1989). Seedbanks tend
to contain more annual than perennial species, more
forbs than grasses, many leguminous species, and
more weedy species that colonize disturbed sites. In
contrast, the chaparral seedbank generally reflects
the composition of the standing vegetation with large,
persistent seed banks of many species of dominant
shrubs, although significant numbers of “fire-follow-
ing” annuals may also be present (Parker and Kelly
1989). The life-forms of plants likely to have soil and
canopy stored seed are shown in table 2-3.

Canopy-Stored Seed—Serotinous cones of species
such as lodgepole, jack, pitch, Table Mountain, and
pond pines retain some of their seeds because of the
presence of a resin bond between scales on some of
their cones. Serotinous cones slowly open and release
their seeds after they are heated to at least 113 to
122 °F (45t0 50 °C), a temperature that melts the resin
bond (Lotan 1976). Cones protect a significant portion
of pitch pine seeds from the high temperatures reached
during fire (Fraver 1992). Lodgepole pine seeds sur-
vived in cones heated in flames for a length of time
typical of crown fires (Despain and others 1996). Nu-
merous viable lodgepole pine seeds are dispersed even
after a long duration crown fire. There is considerable
variation in the amount of lodgepole cone serotiny,
both on individual trees (fig. 2-12), and geographi-
cally. A high degree of cone serotiny is likely to occur
where there are large, stand-replacement fires; rela-
tively short, fire-free intervals; and fire sizes large
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Table 2-3—Occurrence of transient seeds and persistent seeds consisting of soil and canopy stored and
fire stimulated seed germination for broad plant species groups in the United States and

Canada.

Persistent seed

Soil Canopy Fire
Species group Transient seed stored stored stimulated

Conifer trees X X
Broad-leaf evergreen trees X
Deciduous trees X
Shrubs X X X
Annual forbs X X X
Perennial forbs X X X

X

Grasses

enough to limit seed dispersal from unburned areas
(Muir and Lotan 1985; Parker and Kelly 1989).

The semiserotinous cones of black spruce open and
release their seeds over a period of years (Zasada
1986). Cones are usually bunched near the top of the
tree, which shields some cones from heating and pro-
vides a postfire seed source. An additional on-site seed
source from canopies may be immature cones that
survive a fire and continue to ripen. This has been
observed in ponderosa pines with scorched foliage
(Rietveld 1976), in white spruce with boles completely

girdled by fire (Zasada 1985), and in scorched cones of
western larch and Douglas-fir where the tips of the
seed wing had been singed (Stickney 1999).

Seed Environment

The seed environment describes the microsite in
which a seed rests after it has been dispersed from the
parent plant, including seedbed, temperature, humid-
ity, shade, and potential competition from other plants.
Moss, litter, and duff are poor seedbeds in many

Figure 2-12—Jack pine branch with serotinous and nonserotinous cones. Jack pine is ecologically similar
to and hybridizes with lodgepole pine, Acadia National Park, Maine.
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climates because they frequently dry out in the sum-
mer, resulting in seedling death if roots have not yet
reached mineral soil. Organic seedbeds, even rotting
logs, may be able to successfully support seedling
establishment and survival if water is not limiting
during the growing season (Zasada 1971). Other at-
tributes of organic seedbeds such as the presence of
allelopathic chemicals may inhibit seedling establish-
ment. Oak litter has been observed to be a mechanical
barrier to Table Mountain pine regeneration, although
it enhances germination and survival of oak seedlings
(Williams and Johnson 1992).

Fire creates significant changes in site conditions,
which can vary substantially within the burned area
depending on the severity and pattern of the fire.
Consumption of fuel, especially the forest floor, is an
important determinant of postfire conditions, because
it controls the amount and distribution of good seed-
bed conditions. Where bare mineral soil seedbeds are
created, any allelopathic chemicals are volatilized
(McPherson and Muller 1969; Everett 1987b). Nutri-
ents may be more readily available in ash, and the
mineral soil does not dry out as readily as organic
material. Moisture was more readily available at 12
inch depths beneath exposed mineral soil than below
organic layers in late summer, allowing better growth
of seedlings that can develop taproots such as ponde-
rosa pine (Harrington 1992). The blackened surface
causes warmer soil temperatures that enhance nutri-
ent cycling and can favor growth, particularly in cold
limited environments such as the boreal forest (Viereck
and Schandelmeier 1980). After a severe fire, there is
less competition from sprouting plants, seedlings, and
trees if feeder roots and seeds stored in the duff and
soil were killed. There may be little shade in the first
few postfire years because of plant mortality. The
length of time that a seed environment retains these
characteristics after fire determines the number of
postfire years that establishment of certain species
from seed can take place (Shearer and Stickney 1991).

The physiological requirements of individual spe-
cies determine whether postfire conditions are favor-
able for seedling establishment. For most species that
develop from seeds dispersed after fire, the best
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seedbeds are microsites where most or all of the
organic layer has been removed by fire because they
provide the greatest chance for seedling survival. For
some shade intolerant species, this is the only time
that seedlings can establish, but these conditions can
result in abundant regeneration, notably of western
larch and many species of pine. Some perennial forbs
resprout after fire, flower, and produce abundant
seeds that establish in the second and subsequent
postfire years (Keeley 1998). Wiregrass produces copi-
ous amounts of viable seed only after late spring and
early summer burns.

If some residual organic matter remains, species
with rapidly elongating roots may be favored over
species that grow more slowly. Small seeded species
are more likely to establish wherelittle organic matter
remains. Because seedlings originating from small
seeds may be quite limited in their ability to grow
through organic layers to mineral soil (Grime 1979),
species with large seeds may be favored over small-
seeded species where duff layers still exist.

In an Alaskan black spruce/feathermoss (Schreber’s
and mountain fern mosses) stand, germination and
first year survival of black spruce and seven species of
deciduous trees and shrubs occurred on both moder-
ately and severely burned seedbeds. However, by the
third year, seedlings survived almost exclusively on
severely burned surfaces with no residual organic
matter (Zasada and others 1983) (table 2-4).

Some species that establish from seed may be tem-
porarily eliminated from a burned area because the
postfire environment does not favor their establish-
ment. In chaparral communities, species such as
Nuttall’s scrub oak, hollyleaf cherry, and toyon re-
cover by sprouting after fire and thus remain on the
site. However, seedlings of these species do not estab-
lish until the canopy closes and a deep litter layer
forms (Keeley 1992).

Fire Stimulated Germination

Dormant seeds will not germinate when exposed to
appropriate temperature and moisture conditions (Keeley
1995). Dormancy is maintained by environmental

Table 2-4—Seedling establishment on moderate and heavily burned seedbeds in an
Interior Alaska black spruce forest.

Number of germinants

Number of year 3 survivors

Moderately Heavily Moderately Heavily

Species burned burned burned burned
Alder 33 160 0 65
Paper birch 72 875 6 527
Balsam poplar 17 71 0 39
Bebb willow 105 144 0 46

26

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-42-vol. 2. 2000



Chapter 2: Fire Autecology

conditions such as high and low temperature, low
moisture, and inadequate amounts or quality of light
(Baskin and Baskin 1989); or it can be imposed by an
impermeable seed coat (Stone and Juhren 1953). Some
species, such as chamise and hoaryleaf ceanothus,
produce a proportion of seeds that remain dormant,
while other seeds from the same plant will germinate
under any suitable moisture and temperature condi-
tions (Christensen and Muller 1975).

Fire can induce germination of dormant seeds of
some species, resultingin an abundance of seedlings of
these species in the first postfire year. Because essen-
tially no seed germination occurs in subsequent years,
annual plants flower, set seed, and are gone after the
first year. Perennial seedlings that mature will flour-
ish, depending on their inherent longevity, for as long
as the site meets their specific environmental require-
ments. Eventually, they may persist only as seeds.

Germination of hard seeds can occur only after fire
ruptures seed coat fissures or causes cracks to form in
the seed coat, allowing water to enter (Keeley 1987,
Rasmussen and Wright 1988). Requirements for opti-
mum germination may be specific. Redstem ceanothus
seed has the highest percentage of germination after
exposure to moist heat at 176 °F (80 °C) (Gratkowski
1973), followed by stratification through a period of
exposure to cold, wet conditions (Quick 1959). Fire
stimulated germination hasbeen documented for other
hard-seeded genera including Cassia, showy par-
tridgepea (Martin and others 1975; Tesky 1992);
Iliamna, particularly wild hollyhock (Brown and
DeByle 1989); Lotus or trefoil species (Keeley 1991);
Rubus including blackberries and raspberries (Mor-
gan and Neuenschwander 1988; Rowe 1983; Stickney
1986); Ribes such as gooseberry and currant (Lyon
and Stickney 1976); and Prunus (Morgan and
Neuenschwander 1988). Plant life-forms with fire-
stimulated seed germination are shown in table 2-3.

Dormancy of species without hard seed coats can be
broken by exposure to smoke and to chemicals leached
from charred materials, although some species will
germinate only in association with additional stimuli,
such as cold stratification or burial (Keeley and
Fotheringham 1998). This phenomenon hasbeen stud-
ied most intensely in Mediterranean ecosystems, such
aschaparral, and in Australia. Germination of chamise
and many herbaceous species of the California chapar-
ral can be induced by these treatments (Keeley 1991).
Smoke exposure requirements varied significantly
among species, with the duration of exposure that is
optimum for germination for some species being lethal
to others (Keeley and Fotheringham 1998). This sug-
gests that seed germination in chaparral, both pattern
and species, may be relative to different types of fire
behavior and levels of fuel consumption, because these
can result in significant variation in the amount and
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duration of smoke. Fire behavior may also relate to
establishment of lodgepole pine. The greatest propor-
tion of germination of lodgepole pine seeds from sero-
tinous cones was enhanced by exposure of cones to a
duration of flaming that most commonly occurs in
crown fires (Despain and others 1996).

Seed germination for some chaparral species is
adapted to wildfires that normally occur during fairly
hot, dry late summer or fall conditions. Some seeds
require dry heat to induce germination, but are killed
by lower temperatures if they have imbibed moisture.
Other seeds require higher temperatures for a longer
duration to induce germination than generally occur
under spring burning conditions (Parker 1989). If
chaparral sites are burned under moist spring condi-
tions, germination of both of these types of seeds is
often much reduced. This is a particular concern for
maintaining seedbanks of fire-following annuals,
shrubs, and perennial forbs that can only reproduce
from stored seed (Parker 1987a).

Burn Severity and Seed Regeneration

Variation in burn severity including its pattern and
associated effects on seed mortality, seed stimulation,
and seedbed quality can cause considerable variation
in seedling numbers and species after a fire. The
influence of burn severity on regeneration depends
partly on where seeds are located. Viable seeds are
characteristically present at different depths within
the duff and soil profile. Seed produced by short-lived
species that are stimulated to germinate by the heat of
the fire, or that establish only on bare mineral soil, are
usually found at the base of the forest floor layer, on
top or near the surface of the mineral soil (Stickney
1991). Seeds of longer lived early seral species will be
present near the duff mineral soil interface but will
also have some vertical distribution within the duff
layer. On sites without disturbance, these plants may
have died out, and their seeds may not be present in
the uppermostlayers. Transient seeds are only present
on and near the surface of the litter layer.

While fire kills most seeds within the surface litter
layer, the temperature and duration of subsurface
heating controls the amount of mortality and heat-
stimulation of buried seed (Morgan and Neuenschwander
1988; Weatherspoon 1988). The pattern of severity
relates to the pattern of fuel consumption and can
cause variable mortality or stimulation of seeds around
a burned site. Where little soil heating occurs, few
heat-requiring seeds may germinate. Redstem
ceanothus seedlings tended to occur on severely burned
microsites within a matrix of less severely burned
sites (Morgan and Neuenschwander 1988). If the le-
thal temperature isotherm penetrates below the level
at which most duff and soil stored seeds occur, much
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less postfire plant establishment from the soil
seedbank will occur than after a fire of more moderate
severity (Weatherspoon 1988). However, there can
still be a significant amount of regeneration from
seedbank species where seeds in lower layers were
heat stimulated but not lethally heated. Generally,
the dryer the fuels, the more severe the fire, and the
more seedbank mortality will occur. Fires of high
burn severity also create more bare mineral soil
seedbed, opening the site to colonization by seed
dispersed from on-site or off-site after the fire. For
those obligate, early seral species that only establish
on bare mineral soil seedbeds, fires of high burn
severity favor their regeneration.

Seasonal Influences

Carbohydrates

Carbohydrates, primarily starches and sugars, are
manufactured by plants and provide energy for me-
tabolism, and structural compounds for growth (Trlica
1977). Energy and material needed for initial plant
growth following fire are provided by carbohydrates
stored in undamaged plant parts, usually belowground
structures. The timing of a fire, and its relationship to
a plant’s carbohydrate balance, can be a factor in
postfire recovery because the rate and amount of
regrowth is related to carbohydrate reserves (Trlica
1977).

The importance of carbohydrate reserves to plant
regrowth after fire depends on survival of photosyn-
thetically capable material, such as leaf blades and
sheath leaves on grass stubble (Richards and Caldwell
1985). If some photosynthetic tissue remains or new
tillers rapidly regenerate, newly grown leaf material
soon manufactures all the carbohydrates that the
plant needs for growth and respiration (Caldwell and
others 1981). Evidence from clipping and grazing
studies has shown that the recovery of grass plants is
more related to the removal of growing points than to
the carbohydrate level at the time of defoliation
(Caldwell and others 1981; Richards and Caldwell
1985). However, fire may have a greater impact on
grass plants than severe defoliation because it kills all
photosynthetic material and elevated meristems. New
growth must be supported by stored reserves.

Thereis a seasonal cycle of depletion and restoration
of total nonstructural carbohydrates related to the
growth cycle of the plant. The most rapid depletion
usually occurs during periods of rapid growth, but
carbohydrates may also be used for flower and fruit
development, cold-acclimation (“hardening off” for
winter), respiration and cellular maintenance during
winter dormancy, and warm weather quiescence (Trlica
1977). Restoration of carbohydrates occurs when pro-
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duction by photosynthesis exceeds demands for growth
and respiration. The timing of fluctuations in the
annual cycle of total nonstructural carbohydrates
(TNC) differs among species because of variability in
plant growth cycles and growing season weather
(Zasada and others 1994).

The limited survival of chamise sprouts after spring
prescribed fires has been attributed to low winter and
spring carbohydrate reserves because of high spring
demand for growth, flowering, and fruiting (Parker
1987b). Number and dry weight of shoots of salmon-
berry were lowest on rhizome segments collected from
May through July, which was also the seasonally
lowest level of stored TNC (Zasada and others 1994).
Salmonberry is most susceptible to physical distur-
bance during this time (Zasada and others 1994). For
other species, the effects are most negative if the plant
is burned late in the growing season because the plant
uses a considerable amount of stored carbohydrates to
sprout, but does not have enough time to restore
reserves before winter dormancy (Mueggler 1983;
Trlica 1977).

Severely burned chamise root crowns produced fewer
sprouts than plants that experienced less heating,
probably because more dormant buds were killed.
Subsequent death of plants and limited sprouting may
occur because insufficient carbohydrates are produced
to sustain the root mass (Moreno and Oechel 1991).
Root system dieback after excessive defoliation (Moser
1977) is considered to be a significant cause of plant
mortality in grasses.

Repeated burning during the low point of a plant’s
carbohydrate cycle can increase any negative effects of
treatment. Reduced density, canopy cover, and fre-
quency of Gambel oak in southwestern Colorado, after
two summer burns 2 years apart, were attributed to an
inability to restore spent carbohydrate reserves for the
9months after top-killing and resprouting (Harrington
1989). In the Southeast, annual summer burning
nearly eliminated understory hardwood vegetation in
a loblolly pine stand (Waldrop and Lloyd 1991). Burn-
ing when carbohydrates were low eventually killed or
weakened root systems. Annual winter burning re-
sulted in significant increases in numbers of small
diameter sprouts on these same plots, because burn-
ing occurred when reserves were fairly high and sprouts
had a full growing season torestore reserves before the
next treatment.

Ifburning occurs in close association with heavy use
of the plant community by livestock or wildlife, either
before or after the burn, plant recovery may be delayed
or prevented because of the excessive demand on
stored reserves. Heavy postfire grazing or browsing of
perennial plants in the first growing season after a fire
is likely to cause the most harm, particularly in arid
and semiarid range communities (Trlica 1977).
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Flowering

Burning has long been used as a tool to enhance
flower and fruit production of blueberry. Flowering of
grasses such as pinegrass and wiregrass has been
noted to increase significantly after burning (Brown
and DeByle 1989; Uchytil 1992) (fig. 2-13). Burning
during the growing season of April to mid-August
causes profuse flowering of wiregrass in Florida, a
marked contrast to a paucity of flowering that follows
dormant season burning (Myers 1990b). Warmer soil
temperature resulting from litter removal in these
months may be the flowering stimulus (Robbins and
Myers 1992). Increased light resulting from removal of
the chaparral canopy stimulates flowering in golden
brodiaea, a perennial forb that produces only vegeta-
tive growth in the shade (Stone 1951). This has also
been observed in the Northern Rocky Mountains, in
heartleaf and broadleaf arnicas, showy aster, and
pinegrass. Increased availability of soil moisture and
soluble nutrients also stimulates increased flowering.

In response to late spring fires, Henderson and
others (1983) observed significantly greater flowering

Miller

in big bluestem, little bluestem, sideoats grama, and
Indian grass, all Wisconsin warm-season grasses. In-
creased flowering was attributed to higher levels of
carbohydrate production caused by improved growing
conditions, such as mulch removal. Grass flowering
and seed production draw heavily upon carbohydrate
reserves. Higher net photosynthate production was
observed in big bluestem after spring burning. In
contrast, cool-season grasses that were actively grow-
ing during late spring experimental fires showed a
marked reduction in flowering, possibly because growth
initiated after the fires further depleted carbohydrate
reserves already drawn down by early growth. There
also may have been more damage to meristematic
tissue because plants were actively growing at the
time of burning.

Fires enhanced flowering of dominant forb and shrub
species in longleaf pine forests on the Florida pan-
handle (Platt and others 1988), with the most signifi-
cant effects resulting from growing season fires. These
fires increased the number of flowering stems, de-
creased the average flowering duration per species,
and synchronized the period of peak flowering of

Figure 2-13—Abundant flowering of Thurber’s needlegrass the first growing season after an October prescribed fire, near Carey, ldaho.
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herbaceous plants, particularly fall flowering compos-
ites with a clonal growth form. Fire killed the elevated
apical meristems, wh